Methods
was 10 s from 100 to 2000 cm -1 . All spectral peaks were calibrated against the value of 520.7 cm -1 of a silicon wafer.
In situ Raman spectro-electrochemistry
All in situ Raman measurements were performed with a custom-made spectro-electrochemical cell as shown in Fig. S13 . The electrochemical activities were measured in a three-electrode configuration at room temperature. The as-obtained catalyst, a Pt wire and Ag/AgCl (3M) were used as a working electrode, counter electrode, and reference electrode, respectively. In situ Raman spectra of the working electrode were recorded for 30 min during a current-time (i-t) curve at selected potentials using a confocal Raman microscope coupled with a 90-degree angled Olympus 10x objective. The electrochemical cell was made of quartz and stood in front of the objective.
The 532 nm laser with a power of 50 mW at the objective was used to generate Raman spectra.
Acquisition time for each spectrum was 10 s with 10 sweeps from 100 to 2500 cm -1 . Other operations were the same as above. All spectra were normalized based on the Raman peak at ~140 cm -1 . In order to identify detectable interfacial species during different gas evolution, Raman spectra were collected with different bias on a nickel hydroxide electrode under the same condition. To gain insight into the function of Fe during water electrolysis, NiFe LDH and Ni(OH) 2 spectra were taken under the same conditions.
Photoluminescence (PL) spectroscopy
Photoluminescence spectra were performed by a 325 nm laser on as-prepared TEM samples at room temperature. The acquisition time was 10 s in the range of 1.7-3.8 eV. The spectral shift was calibrated against the 1332 cm -1 line of diamond.
Fourier transform infrared (FT-IR) spectrometry FT-IR spectra were measured by accumulating 256 scans at 4 cm −1 resolution in the range of 600-4000 cm −1 using a vacuum-pumped FTIR spectrometer (Bruker IFS66v/s). The spectrometer is equipped with an external HgCdTe liquid nitrogen cooled detector, which is connected with an UHV chamber via KBr windows thus keeping the entire beam path under vacuum.
Electrochemical measurements
All electrochemical measurements were carried out in 1 M KOH (degassed with N 2 for 2h before the reaction) on a CHI760C electrochemical workstation or Zahner workstation at room temperature. All current densities were normalized to the geometrical area. In a three-electrode configuration, as-prepared catalysts, a Pt mesh (2 cm 1 cm), and Ag/AgCl (3M KCl) were used overpotential (η) for anode and cathode can be described as follows:
Electrochemical impedance spectroscopy (EIS) tests were performed at different overpotentials versus RHE in the frequency range of 1-100 kHz using an a. Experiments involving LSV, multi-chronopotentiometry and i-t curve were conducted under continuously rotation at 500 rpm to get rid of the generated bubbles. The equilibration time for all electrochemical measurements was 10 s. Unfortunately, the white-line ratio in Fe does not have a monotonic relation with its valence states.
In fact, it is very sensitive to coordination geometry and local environments, besides oxidation states. However, the doublet at L 3 edge, which is given by the co-existence of Fe 2+ and Fe 3+ , is not observed. It can be deduced that the two distinct valences at different local chemistry environments are not the case in all three samples. Therefore, the O K-edges, which is easier to reflect the electronic structure, should be investigated. We can see that the features of O K-edges in all three samples are very similar to the one from Fe 3 O 4 8 . The three main peaks labeled as "a", "b", "c" and a fourth one labeled "*" can be observed. The strong "a" peak below 530 eV is a sign indicating that the dominant state is not pure 2+. The peaks "b" and "c" are common features in many ironoxygen compounds. In addition to the presence of peak "*", the location of pre-edge peak "a" and the profile of peak "c" are the evidence of As we know, the peak intensity is proportional to the Raman cross-section, which is due to resonance effects. The Raman bands at 457 and 524 cm -1 are well assigned to Ni(OH) 2 9 . However, the high Raman cross section of the Ni(OH) 2 vibrations limits the amount of information we can extract from the Fe phases with low resonance information in catalysts. Then we used 532 nm excitation source to collect as much information of species transformation as we can during the gas evolution reaction. According to previous reports 10, 11 and our results analysis, the OER and HER on NiFe LDH undergo as following. M represents Fe active sites at low overpotentials (η < 200 mV), while, at modest overpotentials, it represents Ni active sites (η ~ 200-300 mV).
OER process:
HER process:
